High-k insulating metal oxide HfO 2 is expected to be the new gate dielectric material for MOS devices [1] . However, HfO 2 becomes inhomogeneous due to crystallization during the deposition and annealing process [2, 3] . To obtain thermally stable gate dielectrics with moderately high dielectric constants, Hf-aluminate (HfO 2 ) 1-x (AlO 1.5 ) x and Hf-silicate (HfO 2 ) 1-x (SiO 2 ) x are attempted to be used. It is important to understand the relation between the composition and properties of the alloys under annealing.
Introduction
High-k insulating metal oxide HfO 2 is expected to be the new gate dielectric material for MOS devices [1] . However, HfO 2 becomes inhomogeneous due to crystallization during the deposition and annealing process [2, 3] . To obtain thermally stable gate dielectrics with moderately high dielectric constants, Hf-aluminate (HfO 2 ) 1-x (AlO 1.5 ) x and Hf-silicate (HfO 2 ) 1-x (SiO 2 ) x are attempted to be used. It is important to understand the relation between the composition and properties of the alloys under annealing.
Our main concerns are how the compositions of the Hf-aluminate and the Hf-silicate affect the crystallization and the phase separation process, and how the critical nucleus size of HfO 2 depends on temperatures. In this paper we investigate the crystallization behavior of HfO 2 , Hf-aluminate and Hf-silicate by using the classical molecular dynamic (MD) method.
Methodology
In our MD approach, the total energy is described by the sum of pairwise potentials [4, 5] :
Here, r ij is the inter-atomic distance between atoms i and j, q i is the net charge of ion i, f is a constant, and A i , B i , and C i , are parameters determined for each kind of atoms. For Si, Al, and O, we modified the potential parameters optimized by Matsui [4, 5] . For Hf, we optimized the parameters [5] . They reproduce the experimental values of lattice constants of crystal HfO 2 , the melting temperature, and the transition temperature from monoclinic structure to the high-temperature phase [6] .
MD simulations were carried out under constant temperatures and a constant pressure (1atm). Periodic boundary conditions were imposed, and the equations of motion were solved numerically with a time increment of 1.0 fs.
Results and Discussions 3-1. Composition dependence of crystallization and phase separation
We prepared the unit 3.4nm 3.4nm 5.1nm in size containing about 4000 atoms ( Fig.1. (a) ). To simulate crystallization after generation of a nucleus, thin layer of monoclinic HfO 2 is placed under the amorphous layer in each cell. The amorphous layer consists of either (HfO 2 ) 1-x (AlO 1.5 ) x or (HfO 2 ) 1-x (SiO 2 ) x with composition parameter x having a range from 0 to 0.3. They were heated isothermally at 1000 °C, which is the typical temperature in the heating process in device fabrications. Crystallization progresses from the region adjacent to the crystal layer ( Fig.1. (b) ). Almost all the Hf and Al atoms in the region of (3) sit in the close ( ≤ 1 Å) positions that Hf atoms in the crystal HfO 2 take. We regard such the ordered regions as crystallized phase. parameter x is relatively small (x ≲ 0.15 for (HfO 2 ) 1-x (AlO 1.5 ) x , x ≲ 0.1 for (HfO 2 ) 1-x (SiO 2 ) x ). On the other hand, phase separation occurs at larger values of x (x ≳ 0.2 for (HfO 2 ) 1-x (AlO 1.5 ) x , and x ≳ 0.15 for (HfO 2 ) 1-x (SiO 2 ) x ). In the phase separation process, some of Al atoms or Si atoms moves from the crystallized regions to the amorphous regions. The crystallization is completed after the Al or Si concentration becomes lower than certain levels. Al and Si concentrations in crystallized regions are 0.15 and 0.1, respectively at the maximum. Therefore, crystallization in the cases where larger x is much slower compared to the cases where x is smaller. Figure 3 shows composition dependence of diffusion coefficients of Al atoms in Hf-aluminate and Si atoms in Hf-silicate. The diffusion coefficients of Si atoms are about half of those of Al atoms, which explain that crystallization in the Hf-silicate is slower than that in the Hf-aluminate. The difference of diffusion coefficients may be explained by the fact that the Si-O bonding is stronger than the Al-O bonding.
(1) At the relatively small values of x ≲ 0.15 for (HfO 2 ) 1-x (AlO 1.5 ) x , x ≲ 0.1 for (HfO 2 ) 1-x (SiO 2 ) x , the alloys crystallize without phase separation. In the cases where larger x, the alloys crystallize slowly due to the phase separation.
3-2. Thermal properties of a crystal nucleus
As shown in section 3-1, the crystallization and phase separation progress rapidly in the region adjacent to crystal nuclei. In order to control the crystallization, it is important to know the thermal properties of crystal nuclei.
We investigated the critical nucleus sizes of HfO 2 . The initial structure is shown in Fig.4 . A crystal nucleus of HfO 2 was placed in amorphous HfO 2 at 1000°C. The unit cell consists of 2600 atoms and the size is 3.4nm 3.4nm 3.4nm. We prepared ten replicas for each size of crystal nucleus. The replicas have different initial atomic configurations and different initial velocity is given for each atoms. Most of the crystal nuclei decay when the initial size of crystal nuclei is 1.2nm 3 ( Fig.5. (a) ). On the other hand, nucleation proceeds when the initial size is 1.7nm 3 ( Fig.5. (b) ). Thus, the critical nucleus sizes of HfO 2 are estimated to be between 1.2nm 3 and 1.7nm 3 at 1000°C. By applying this method to the systems under various temperatures, we can clarify the temperature dependence of critical nucleus size. 
Summary
By employing the classical molecular dynamics method, we investigated the thermal properties of HfO 2 , Hf-aluminate, and Hf-silicate.
(2) The diffusion coefficients of Si atoms are about half of Al atoms. Crystallization in the silicate is slower than in the aluminate.
(3) The critical nucleus sizes of HfO 2 are estimated to be between 1.2nm 3 and 1.7nm 3 at 1000°C. From our simulation, we can obtain guidelines to control the nucleation and crystallization, by optimizing thermal processes and compositions of the HfO 2 -based alloys.
